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anoparticles have been demonstrated to provide numerous advantages as cancer drug delivery vehicles, including more favorable pharmacokinetic properties, enhanced tumor delivery, and reduced toxic side effects compared to conventional small-molecule chemotherapy. 1Ϫ3 For example, doxorubicin (DXR) encapsulated inside sterically stabilized liposomes (SSLs, ϳ100 nm) is used clinically for the treatment of Kaposi's sarcoma, multiple myeloma, breast and ovarian cancers. 4, 5 This formulation, marketed under the trade name Doxil (Ortho Biotech Products, L.P., Horsham, PA), dramatically increases plasma half-life in humans (45Ϫ80 h) 6 compared to free DXR (10 h). Nanoencapsulation of DXR also enhances intratumor accumulation of DXR due to the enhanced permeation and retention (EPR) effect. 7 SSL encapsulation of DXR prevents premature drug degradation and limits the exposure of healthy tissue to this cytotoxic agent as demonstrated by a striking reduction in cardiotoxicity compared to that for the free drug. 4, 5 In spite of these benefits, the therapeutic efficacy of current drug delivery vehicles can still be improved if triggered drug release capability can be incorporated so that the payload can be efficiently released at the tumor site. 8, 9 Over the past decade, pH-sensitive lipid components, 10 such as phosphatidylethanolamine 11, 12 and acid-labile poly(ethylene glycol), 13, 14 have been used to trigger and enhance drug release by SSLs. Recently, we have developed a lipid-based, 100-nm polymer-caged nanobin (PCN) platform that combines pH-dependent drug release with a facile click-based chemical modification for the attachment of targeting ligands or imaging agents. 15, 16 In this system, the polymer cage ( Figure 1A ) provides steric stability around the lipid shell and significantly reduces the leakage of drug prior to arrival at the target site, as demonstrated in an in vitro serum challenge. 15 The surface of the polymer cage enables drug release at low-pH target sites such as tumor interstitium 17, 18 and cellular endosomal vesicles. 12, 19 Presumably, the free carboxylate groups in the cross-linked acrylamide polymer cage are protonated in acidic environments, which results in pockets of increased local hydrophobicity on the surface of the PCN, ultimately leading to the collapse of the vesicle and the release of the drugs ( Figure 1B) . 15 Herein, we optimized the surface charge of the PCN platform for in vivo drug delivery by varying the crosslink density and demonstrated the enhanced in vivo therapeutic efficacy of a DXRloaded, pH-responsive PCN (PCN DXR ) system in a murine model of an aggressive type of breast cancer. Moreover, PCN DXR was well-tolerated even at doses above those of free DXR that result in weight loss.
RESULTS AND DISCUSSION
DXR-loaded bare liposomes (BL DXR , ϳ0.3 mol/mol drug-to-lipid ratio) were prepared by an ion-gradientmediated drug-loading process previously described. 20 PCNs were constructed from the resulting BL DXR and cholesterol-terminated poly(acrylic acid) (Chol-PAA, M n ϭ ϳ3700 Da) via our drop-in method 15 followed by in situ cross-linking with diamine linkers ( Figure 1C ). The surface charge of the PCNs can be tuned by the degree of cross-linking and evaluated using zeta potential () measurements in pH 7.4 buffered solution ( Figure 2A ). As expected, the negatively charged lipids in the liposome shell (3.6 mol % of phosphatidylglycerol) engenders a slightly negative (Ϫ4.14 mV) on the parent BL. After insertion of Chol-PAA into the BLs, the negatively charged acrylate groups in Chol-PAA resulted in a decreased , to Ϫ31.3 mV. Cross-linking at 30, 50, and 70% increased to Ϫ23.0, Ϫ15.1, and Ϫ11.3 mV, respectively, by conversion of free acrylates into neutral amide bridges. 21 The for PCNs with more than 80% crosslinking could not be measured due to significant interparticle cross-linking and aggregations ( Figure S1 in Supporting Information). Although nanoparticles having near-neutral surface potential (Ϫ15 to 10 mV) tend to have reduced clearance in vivo, 22, 23 excessive crosslinking, which affords more robust nanostructures, 24 can hinder the release of payload. As such, on the basis of our physicochemical characterization, we selected PCNs with 50% cross-linking as the ideal system for further physical and in vivo studies with their optimal stability and release properties.
After cross-linking, the hydrodynamic diameter (D H ) of PCN DXR increased to 124.5 Ϯ 17.2 nm (mean Ϯ standard deviation (SD)) as measured by dynamic light scattering (DLS, Figure 2B ), which is ϳ30% larger than that of the parent BL DXR (93.5 Ϯ 15.3 nm). Compared to BL DXR , the amount of DXR released from PCN DXR is greatly enhanced at low-pH conditions at 37°C ( Figure  2C ), consistent with our previous observations. 16 More than 70% of DXR was released at pH 5.0 after 24 h with complete release at 48 h. In contrast, only 50% of DXR was released from BL DXR after 72 h at pH 5.0. After being incubated at pH 5.0, the PCNs lose their welldefined shapes and become irregular particles, as seen by transmission electron microscopy (cf. Figures 1C,D) , presumably due to the collapse of the vesicles induced by pH-responsive polymer shrinkage ( Figure 1B ). 15 Given that the peak DXR level in malignant effusions in patients treated with Doxil are reached 3Ϫ7 days after treatment, 6 nanoparticles ideally should remain intact in serum for at least 3 days. In our benchtop release experiments, less than 20% of drug was released www.acsnano.org from PCN DXR after 72 h in fetal bovine serum (FBS) (Figure 2C ), suggesting that these nanobins would be stable in vivo (i.e., in serum) for several days, allowing continued drug uptake into the tumor. Two main contributors to the in vivo instability of liposome-based drug delivery vehicles are lipid mixing and membrane fusion, both of which result in drug leakage. 11, 14 As these phenomena change the liposome size distribution, they can be best monitored using DLS as the apparent rate of change (k ) in standard deviation () of vesicle diameters. 25, 26 The enhanced stability of PCNs, which is a result of the steric stabilization by the cross-linked polymer cage, is clearly evidenced by a small k (0.04 h Ϫ1 ) in pH 7.4-buffered saline ( Figure  2D ). In contrast, the apparent rate of change for BL (k ϭ 0.4 h
Ϫ1
) is 10-fold higher, consistent with the rapid lipid exchange previously demonstrated in BLs. 27 The in vitro cytotoxicity of PCN DXR was evaluated against multiple human cancer cell lines: MDA-MB-231 basal-like breast cancer and HeLa cervical cancer. Cells were treated with PCN DXR , BL DXR , free DXR, or empty PCNs for either 48 or 72 h, and the percentage of viable cells was determined by MTS assay. 28 For comparison, empty PCNs (i.e., PCN loaded with only HEPESbuffered saline), BL DXR ( Figure S2 in Supporting Information), and free DXR were simultaneously evaluated. The relative doseϪresponsive cell viability percentages compared to the drug-free control (media only) were plotted against the total DXR concentration ( Figure 3 ). The half-maximal inhibitory concentration (IC 50 ) of PCN DXR against MDA-MB-231 cells ( Figure 3A and Table 1 ) was 29.6 Ϯ 7.7 g/mL after 48-h of incubation and 6.2 Ϯ 1.2 g/mL after 72-h treatment, while the IC 50 of free DXR was 8.4 Ϯ 1.4 at 48 h and 1.4 Ϯ 0.7 at 72 h. Similar trends were observed in HeLa cells (Figure 3B and Table 1 ). Our findings are consistent with the attenuated cytotoxicity of drug-encapsulated liposome formulations compared to free drug. 16, 29 No significant cytotoxicity was observed with empty PCNs at lipid concentrations up to 1.5 mM in either cell line. To further evaluate the selectivity of the PCN DXR for cancer cells, we treated immortalized human mammary epithelial cells (MCF-10A vector, non-cancer control) and transformed MCF-10A-H-RasV12 cells (i.e., MCF-10A cells stably transduced with the H-RasV12 oncogene to make them cancerous) with PCN DXR (0, 1, 10 M DXR). 30 We found that PCN DXR at 10 M DXR concentration induced 2.2-fold increased cell death (defined by Annexin-V positivity) in the cancerous cell line compared to the control cells ( Figure 4 ). This result demonstrates that cancer cells are more susceptible to PCN DXRinduced cell death than noncancer cells.
The reduced cytotoxicity of PCN DXR , in contrast to the potent activity of free DXR, in MDA-MB-231 breast carcinoma cells suggests that PCN DXR would be effective at both controlling tumor growth and reducing systemic toxicities if it could be delivered to the tumor and selectively released. Hence, we evaluated the in vivo therapeutic efficacy of PCN DXR in female athymic nude mice bearing orthotopic tumors in the fourth mammary fat pad established from MDA-MB-231 triple-negative breast carcinoma (TNBC) cells. 31 Triple-negative, or basal-like, tumors are categorized by the absence of estrogen receptor, progesterone receptor, and human epidermal growth factor receptor 2 (HER2/ErbB2).
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TNBC is thus refractory to both endocrine therapy and Herceptin, the most effective targeted treatments for breast cancer developed to date. 33 We postulated that our PCN delivery platform would provide a novel thera- into the duct of the fourth mammary fat pad. The fluorescent "mCherry" label is an engineered, monomeric red fluorescent protein (mRFP), 34, 35 which enables noninvasive fluorescent imaging of mammary tumors. 36 After tumors were established, mice (n ϭ 3 mice with bilateral tumors, 6 tumors per group) were treated with PCN DXR (2.0 mg DXR/kg), free DXR (2.0 mg DXR/kg), or empty PCN vehicles by intraperitoneal injection once a week for a total of four doses over three weeks. 37 The tumor growth rates were compared between the three groups over time using a random-effects mixed model including an interaction. 38 There was a statistically significant difference in tumor growth rates between the treatment groups over time (interaction p Ͻ 0.01). Posthoc pairwise comparisons between the three groups were also performed at each measurement and Bonferroni-corrected. The mammary tumors in mice treated with PCN DXR were significantly smaller than those treated with empty PCNs beginning at week 2 of the study and from week 3 until the end of the study ( Figure 5A ) and free DXR on weeks 1.5 and 2.5 www.acsnano.org
(not displayed in Figure 5A ). Although there was a trend toward smaller tumors in mice treated with free DXR compared to mice treated with empty PCNs, these differences were not statistically significant (for complete statistical details, see Supporting Information). Taken together, these results indicate that PCN DXR inhibited mammary tumor growth in vivo, while the corresponding dose of free DXR did not significantly reduce tumor burden in this model. Indeed, PCN DXR treatment resulted in ϳ75% reduction in tumor burden at the end of the study ( Figure 5A ). The treatments were welltolerated as no statistically significant weight loss was observed in any of the treatment groups, suggesting little systemic toxicity ( Figure 5B ). Primary tumor burden was also assessed by whole-animal fluorescent imaging, which revealed visibly smaller tumors in mice treated with PCN DXR compared to the other two treatment groups, further supporting the superior therapeutic efficacy of PCN DXR ( Figure 6 ). We also evaluated higher doses of PCN DXR in animals with greater tumor burden. Using the aforementioned MDA-MB-231 xenograft model, mice were administered a PBS control and 2.0, 5.0, or 7.5 mg of DXR/kg of PCN DXR for three weeks. In this experiment, mammary tumors were allowed to grow to larger size (ϳ200% of the tumor size in the first study) prior to the start of treatment, which provides a more advanced tumor model. Although random-effects mixed models indicated that the rates of tumor growth over time were not significantly different for the four groups (interaction p ϭ 0.21), posthoc pairwise comparisons among the groups (Bonferroni-corrected) showed a statistically significant difference in tumor volumes between the two higher doses, 5.0 and 7.5 mg of DXR/kg, and PBS, beginning at day 12 ( Figure 7A ). PCN DXR at the 2.0 mg of DXR/kg dose was significantly different from PBS on days 12 and 15 (not shown in Figure 7A ; for complete statistical details, see Supporting Information). Most importantly, all PCN DXR treatments were well-tolerated without observable weight loss at the increased doses ( Figure 7B ). This is in stark contrast to free DXR in this murine model, which caused significant weight loss at 5.0 mg of DXR/kg (data not shown). Although this study was terminated early due to tumor ulceration, these experiments suggest that the PCN platform is effective at attenuating the systemic toxicity of DXR in vivo, enabling higher doses to be administered to enhance therapeutic efficacy.
CONCLUSION
In summary, we have demonstrated that PCN encapsulation of DXR potentiates the antitumor activity of DXR in vivo and attenuates the systemic toxicity compared to the free drug. Encapsulation of the highly toxic chemotherapeutic agent DXR in the PCN allows for higher doses of DXR to be administered to mice, thereby augmenting its therapeutic efficacy without causing weight loss during the course of treatment. Moreover, PCN DXR is more cytotoxic to cancer cells in culture than non-cancer cells, further supporting its potential utility as a cancer therapeutic agent. Because the PCN drop-in technology can be used with virtually any lipid composition without hampering the encapsulated drug, the encapsulated cargo can be expanded to include diverse anticancer agents such as arsenic trioxide 29 and cisplatin. 39 Therapeutic efficacy can likely be further enhanced by active targeting, achievable via biocompatible, click-based conjugation onto the PCN shell. 16 These modifications should allow for precise and efficient delivery of cytotoxic agents to tumors. Future studies will investigate the effects of tumor targeting as well as optimizing dose and schedule to further enhance the antitumor activity of the PCN platform.
MATERIALS AND METHODS

Materials.
Unless otherwise noted, all reagents and materials were purchased from commercial sources and used as received. 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-dioleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (sodium salt) (DOPG) were purchased from Avanti Polar Lipids (Alabaster, AL). Doxorubicin is purchased from Polymed Therapeutics, Inc.
(Houston, TX). ICP calibration standard solutions of phosphorus (1000 g/mL P), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide methiodide (EDC · MeI), and all other reagents were purchased from Aldrich Chemical Co. (Milwaukee, WI). tert-Butyl acrylate was stirred over CaH 2 under nitrogen and fractionated by vacuum transfer right before use. Cholesterol-terminated poly-(acrylic acid) was prepared using a literature procedure. 15 Ultra- Electrospray ionization mass spectrometric (ESIMS) data were obtained on a Micromass Quattro II triple quadrupole mass spectrometer. Phosphorus concentration was determined using a Varian Vista MPX simultaneous inductively coupled plasma optical emission spectrometer (ICP-OES).
Polymer molecular weights were measured relative to polystyrene standards on a Waters gel-permeation chromatograph (GPC) equipped with Breeze software, a 717 autosampler, Shodex KF-G guard column, KF-803 L and KF-806 L columns in series, a Waters 2440 UV detector, and a 410 RI detector. HPLCgrade THF was used as an eluent at a flow rate of 1.0 mL/min, and the instrument was calibrated using polystyrene standards (Aldrich, 15 standards, 760Ϫ1 800 000 Da).
Zeta potential and dynamic light scattering (DLS) measurements were performed on a Zetasizer Nano ZS (Marvern Instruments, Malvern, UK) with a HeϪNe laser (633 nm). Non-invasive backscatter method (detection at 173°scattering angle) was used. Correlation data were fitted, using the method of cumulants, to the logarithm of the correlation function, yielding the diffusion coefficient, D. , where b and c are first-and second-order coefficients, respectively, in a polynomial of a semilog correlation functionOwas calculated by the cumulants analysis. Size distribution of vesicles was obtained by the nonnegative least-squares (NNLS) analysis. Unless noted otherwise, all samples were dispersed in 10 mM HEPES solution (pH 7.4, 150 mM NaCl) for DLS measurements. The data reported represent an average of 10 measurements with five scans each.
Preparation of Doxorubicin-Loaded Polymer-Caged Nanobins. Doxorubicin-loaded bare liposome was prepared using a modified literature procedure.
20 DPPC (108.29 mol), DOPG (6.91 mol), and cholesterol (76.8 mol, 40 mol % of the total membrane components; this number is chosen to eliminate the thermal instability of the liposomes that is attributable to the intrinsic phase-transition temperature of the lipid) were added to a 20-mL cylindrical glass vial, followed by chloroform (5 mL) to make a colorless solution. After vortexing (ϳ1 min), the solvent was removed by passing a stream of nitrogen over the solution while the vial was warmed in a 50°C water bath. The resulting dry film was further dried under vacuum on a Schlenk line (Ͻ30 mTorr) overnight. Next, the dry lipid films were hydrated in 300 mM aqueous ammonium sulfate solution (5 mL) followed by vigorous vortexing (3Ϫ5 min on a Vortex Mixer, American Scientific Products) to form a dispersion of multilamellar vesicles. After this dispersion was subjected to 10 freezeϪthaw cycles, it was extruded 10 times through two stacked polycarbonate extrusion membranes (100-nm pore size) that are maintained at 50°C in a LIPEX extruder (Northern Lipids Inc., Burnaby, BC, Canada). The excess ammonium sulfate outside of the liposome was removed by Sephadex G-50 (50 mL) gel-filtration chromatography pre-equilibrated with 150 mM NaCl solution.
Doxorubicin (DXR, 0.32 equiv of the total lipid content) was added to the collected liposome solution (ϳ7Ϫ10 mL of a solution with ϳ4 mM lipid concentration) and incubated at 50°C for 24 h. The excess DXR outside of the liposome was then removed by Dowex 50WX4 cation-exchange resin (20 mL). The loading of the DXR was determined by breaking up the DXRloaded liposome in a 75 mM HCl solution in 2-propanol/water (9/1 v/v) and measuring the dissolved doxorubicin concentration using UVϪvis spectroscopy based on the extinction coefficient () of DXR (11 207 M Ϫ1 cm Ϫ1 at max ϭ 480 nm). Mean hydrodynamic diameter (D H ) of 93.5 Ϯ 15.3 nm was determined by DLS measurements.
The DXR-loaded bare liposomes (BL DXR ) were next subjected to the PCN fabrication process as reported previously. 15 For this process, 10 mol % of the Chol-PAA modifier was chosen to maximize the amount of the modifier. Additionally, 30, 50, and 70% of acrylate repeating units in Chol-PAA chains were cross-linked with diamine linker (15, 25 , and 35 mol %; if Ͼ35 mol % of the cross-linker is used, precipitation will occur, due to interparticle cross-linking, Figure S1 ). The mean D H of the PCN (124.5 Ϯ 17.2 nm) was determined by DLS measurements as described in the Measurements section. After the purification by a Sephadex G-50 column, the resulting DXR-loaded PCN (PCN DXR ) can be used directly for further study. To determine the final concentration of DXR in the as-prepared PCN DXR , an aliquot of the solution was broken up with reduced Triton X-100 (5 vol % aqueous solution). The dissolved doxorubicin concentration was then measured using UVϪvis spectroscopy based on the extinction coefficient () of free DXR at a known isosbestic point 40 (3530.6 M Ϫ1 cm Ϫ1 at ϭ 543 nm). Figure 2C ). Solutions of BL DXR and PCN DXR (1.0 mM of lipids)Oeach in 20 mM acetate buffer (pH 5.0, 150 mM NaCl), 20 mM MES buffer (pH 6.0, 150 mM NaCl), and fetal bovine serum (FBS)Owere incubated in a 3-mL quartz fluorescence cell (Hellma Cells Inc., Plainview, NY) at 37°C with magnetic stirring. The fluorescence from the liposomeencapsulated DXR was significantly self-quenched due to its high concentration inside the liposome. 16 Hence, only the fluorescence from the DXR that has released out of the liposome was measured as a function of incubation time. Afterward, 5% aqueous Triton X-100 (reduced form) was added to totally break up the liposomes, and the final DXR fluorescence was measured to www.acsnano.org
DXR Release Assay under Various pH Conditions (
give the 100% release value. The extent of release was observed by comparing to the maximum release value. Cell Culture. Medium. Eagle's minimum essential medium (EMEM) was purchased from ATCC (Manassas, VA). Trypsin solution (0.25%, containing EDTA) was purchased from Invitrogen (Carlsbad, CA). PenicillinϪstreptomycin and phosphate-buffered saline (PBS, 1ϫ without calcium and magnesium) solutions were purchased from Mediatech (Manassas, VA).
Cell Lines. Human triple-negative MDA-MB-231 basal-like breast cancer cells and HeLa cervical cancer cells were continuously cultured in EMEM supplemented with 10 vol % heat-inactivated fetal bovine serum (FBS) and 0.5 vol % penicillinϪstreptomycin solution at 37°C in a humidified atmosphere containing 5% CO 2 . MCF-10A cells stably expressing H-RasV12 or empty vector were cultured in phenol-red-free DMEM/F12 with 5 vol % heatinactivated horse serum, insulin (10 g/mL), EGF (20 ng/mL), cholera toxin (100 ng/mL), and hydrocortisone (0.5 g/mL) at 37°C in a humidified atmosphere containing 5% CO 2 .
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Cytotoxicity Assays (Figure 3) . Either MDA-MB-231 or HeLa cells were seeded in 96-well plates (100 L/well) at a concentration of 100 000 cells/mL in EMEM and were incubated for 24 h. At that point, the media in the wells were replaced with a pre-prepared growth media containing the appropriate drug formulation in EMEM (100 L of solution at the appropriate doxorubicin concentrations). The drug-treated cells were further incubated for either 48 or 72 h in a humidified atmosphere containing 5% CO 2 at 37°C, after which time the cells were washed with PBS buffer (2 ϫ 150 L). The percentage of viable cells was determined by MTS assay, 28 and the relative cell survival percentages compared to the drug-free control were plotted against the total DXR concentration in logarithmic scale. The data reported represent an average of three measurements from different batches. The doseϪresponse curves were obtained by sigmoidal logistic fitting using Origin software (version 6.1, OriginLab Corp., Northampton, MA), and the half-maximal inhibitory concentration (IC 50 ) values were determined on the basis of the fitted data.
Apoptosis Assay. Apoptosis was measured by fluorescenceactivated cell sorting (FACS) using Annexin-V, Alexa Fluor 647 conjugate (Invitrogen) as apoptosis indicator and 4=,6-diamidino-2-phenylindole (DAPI) as a dead-cell indicator, following the manufacturer's protocol. Cells were treated with PCN DXR (1 or 10 M) for 48 h prior to analysis at the Robert H. Lurie Cancer Center Flow Cytometry Core Facility. The data were plotted with the horizontal axis in each plot representing the Annexin-V fluorescent intensity in log scale and the vertical axis of each plot representing the DAPI fluorescent intensity in log scale. The color dots represent histogram of cells that exhibit a particular combination of Annexin-V/DAPI fluorescence; a dot with brighter color indicates a higher number of cells in that fluorescence category (red Ͼ yellow Ͼ green Ͼ blue, etc.).
In Vivo Therapeutic Efficacy Study. Mammary tumors were measured twice weekly with a caliper, and the tumor volume was calculated using the formula V Tumor ϭ (w 2 ϫ l ϫ )/6); w ϭ minimal width, l ϭ maximum length. Mice were weighed weekly, and their tumor volumes were plotted using GraphPad Prism software (version 5, GraphPad Software, Inc., La Jolla, CA) ( Figures 5  and 7 ). All animal experiments were conducted under protocols approved by the Animal Care and Use Committee of Northwestern University. SAS version 9.2 (Cary, NC) was used to generate Models A, B1Ϫ12, C, and D1Ϫ6 (vide infra).
Tumor Inoculation. Human triple-negative MDA-MB-231 cells suspended in chilled Matrigel (BD Biosceince, Bedford, MA) were injected bilaterally into the lactiferous ducts of the fourth mammary gland (1 ϫ 10 6 cells/200 L injection) of female athymic nu/nu mice (Harlan, Indianapolis, IN) that are 5Ϫ6 weeks old.
Efficacy Study 1. Twelve days after tumor implantation, mice were randomly assigned to PCN DXR (2.0 mg/kg), empty PCNs, or free DXR (2.0 mg DXR/kg) groups and given weekly intraperitoneal injections for four weeks. At the end of the study, mice were sacrificed and imaged using an Olympus OV-100 Small Animal Imaging System. Fluorescent images were pseudo-colored using ImageJ software (version 1.42, NIH, Bethesda, MD) and overlaid using Adobe Photoshop (CS3, Adobe Systems, San Jose, CA). Uniform CCD gain and lamp intensity were used for all images.
Efficacy Study 2. Ten days after tumor implantation, mice were randomly assigned to PCN DXR (2.0, 5.0, and 7.5 mg DXR/kg), and PBS groups and each drug formulation or PBS were given weekly intraperitoneal injections for three weeks.
Statistical Analysis of Efficacy Study 1. The differences between the treatment groups over the 12 time points were tested using linear mixed models with treatment group and time as the fixed effects, a treatment by time interaction, and a random effect for each tumor, using a significance level of ␣ ϭ 0.05. This tests if there is a different rate of tumor growth over time. Posthoc pairwise comparisons of the treatment groups were also performed using Bonferroni-adjusted p values ( Figure 5A , Table  S1 in Supporting Information).
Statistical Analysis of Efficacy Study 2. Differences among the four groups were tested using linear mixed models with the treatment group and time as fixed effects, a treatment by time interaction, and a random time effect for each tumor, again using a significance level ␣ ϭ 0.05. Posthoc pairwise comparisons of the four treatment groups were also performed, using Bonferroniadjusted p values ( Figure 7A , Table S2 in Supporting Information).
